Recent neutrino experiment results show a preference for the normal neutrino mass ordering.
I. INTRODUCTION
Search for neutrinoless double-beta decay(0νDBD) is the experiment that is running the most in the recent years, and it is currently the only way to tell if neutrinos are Dirac or Majorana particles [1] [2] . To clearly differentiate it from the double-beta decay(DBD or 2νDBD), which naturally emits two neutrinos, we will express that rare decay as 0νDBD [3] [4] . The seesaw model which has been developed to explain the light neutrino masses and the leptogenesis model which is considered as a solution to the matter-antimatter asymmetry were built on the idea that neutrinos are Majorana particles [5] - [9] . In order to justify the highenergy models of the seesaw mechanism and the leptogenesis, a low-energy approach such as the neutrinoless double beta decay is essential [10] [11] . The following experiments are examples of 0νDBD with the limit on the effective electron-neutrino mass on the order of 0.1 eV -1 eV : KamLAND-Zen [12] , EXO-200 [13] CUORE [14] , GERDA [15] , Majorana [16] and NEMO3 [17] . Advanced Mo-based Rare process Experiment(AMoRE) [18] [19] [20] is a search for 0νDBD with the highest sensitivity of Mo-100 isotope. Depending on the background level, target mass and running period, AMoRE consists three stages: pilot, phase 1, and phase 2, aiming for the sensitivity of effective electron neutrino mass of 0.21-0.40 eV, 0.07-0.14 eV, and 0.012-0.022 eV, respectively [18] . In this work, those AMoRE stages are used for stepwise comparison with Majorana mass models.
The 0νDBD strongly depends on the type of mass ordering because the two vertices of the double-beta decays are connected by a virtual Majorana electron neutrino. The effective mass m ββ of the virtual electron neutrino, which has a significant contribution from m 1 , varies depending on whether the masses follow the normal ordering(NO) or the inverted ordering(IO). Recent results from long-baseline neutrino experiments, NOvA [21] and T2K [22] , support the NO and non-zero CP violation. In case of NO hierarchy, m 1 m 2 m 3 , the measurement of m ββ requires a resolution of at least 0.004 eV. Current efforts to measure m ββ described in Refs. [12] - [18] and even their future projects have difficulties to approach such a low limit. Here, we propose the existence of a fourth sterile neutrino as a solution to the conflict between the sensitivities in those experiments and neutrino masses of the NO hierarchy. We also consider the contribution of m 4 to m ββ , and The outline is as follows: Section II describes the relation between the effective mass determined by the half-life of 0νDBD and the neutrino masses. Section III extends the sensitivity of the effective mass with a fourth neutrino and discuss its implication to the sterile neutrino searches. Section IV concludes the work by summarizing and discussing the results.
II. NEUTRINOLESS DOUBLE BETA DECAY
The half life of a double-beta decay, N (A, Z) → N (A, Z + 2) + 2e − + 2ν e , is given by
with a phase factor G 2ν and the nuclear matrix element M 2ν [29] - [31] . If neutrinos are 
where G 0ν and M 0ν are the phase space factor and the nuclear matrix element of the neutrinoless decay, respectively [4] [32] . Two Majorana neutrinos produced in double-beta decay are connected to each other producing an internal line between the two vertices. The virtual neutrino between the two weak vertices has an effective mass defined by
The electron neutrino which couples to the electron is expressed as a superposition of the three massive neutrinos, such that
The unitary transformation matrix of Majorana neutrinos U includes two Majorana phases in addition to the three mixing angles and the Dirac phase of the PMNS matrix, such
. The effective mass m ββ can be estimated using the PMNS matrix and the mass-squared differences ∆m 
Regarding the Dirac CP phase δ 1 , recent observations of long-baseline oscillations by
NOvA [21] and T2K [22] obtained a preferred value of δ 1 = −π/2. Following the convention from Ref. [35] , the effective electron-neutrino mass in Eq. (3) is
where µ i ≡ m i |U ei | 2 and α 1 = ϕ 1 , and α 2 = 2δ 1 + ϕ 2 . As shown in neutrino mass scale is challenging, as it requires a precise measurement of the tritium decay spectrum. [34] .
For IO, the upper bound in Fig.1 is obtained by |µ 1 + µ 2 ± µ 3 | with (α 1 , α 2 ) = (0, 0) and (0, π), respectively, while the lower bound is obtained by |µ 1 − µ 2 ± µ 3 | with (α 1 , α 2 ) = (π, 0)
and (π, π). For NO, the bounds in Fig.1 are determined by the following four combinations of µ i 's, such that
which indicate the four values of (α 1 , α 2 ) for NO shown in 
III. m ββ WITH THE 4TH NEUTRINO
The 3+1 neutrino model consists of the three Standard Model(SM) neutrinos (ν e , ν µ , ν τ ) and one sterile neutrino ν s . The virtual neutrino ν e connecting the two vertices in the double-beta decay is a linear combination of the four massive neutrinos (ν 1 , ν 2 , ν 3 , ν 4 ).
The 4×4 mixing matrix U of Majorana neutrinos is given by U = U Diag(1, e ϕ 1 /2 , e ϕ 2 /2 , e ϕ 3 /2 ) with
where R ij indicates a single angle rotation in i − j plane. massive neutrinos as follows;
where α 1 = ϕ 1 , α 2 = 2δ 1 + ϕ 2 , and α 3 = ϕ 3 . The α i 's can take values from 0 to 2π, independent of the Dirac phase. The curves in Fig.2 are obtained by fixing α i to be 0 or π.
For any values of α i 's, the line in the plot would fall between the two extremes, as shown in Fig.3 .
Whereas the m ββ is understood in terms of α 1 , α 2 and m light in the three-neutrino theory, the interpretation of m ββ in the four-neutrino theory is rather complex due to the additional free parameters, m 4 , θ 14 , and α 3 . Fig.2 shows typical plots with three Majorana phases running from 0 to 2π assuming fixed values for (∆m as well as the range of θ 14 . Then, the m ββ curves in Fig.2 consist of the following four pairs from top to bottom. In each pair, the upper signs correspond to the solid curves, while lower signs correspond to the dashed curves in Fig.2 . NEOS [24] , and PROSPECT [25] , and the sensitivity curves(right) of SoLiD [26] , DANSS [27] , and STEREO [28] are overlaid with AMoRE sensitivities. The yellow shades indicate 1σ region of the reactor antineutrino anomaly [36] .
sensitivities in neutrinoless double beta decay experiments can be considered together with exclusion contours or with sensitivities of short-baseline neutrino oscillation experiments.
The best-fit and 1σ region for sterile neutrino expected by reactor anomaly are displayed for comparison [36] .
IV. CONCLUSION
The results of the 0νDBD search experiments are eagerly awaited to solve the problems of neutrino mass origin and the matter-antimatter asymmetry. However, if the neutrinos follow the normal mass ordering, one should find an experimental strategy which is much more sensitive than what is currently possible. In this work, we added a light sterile neutrino to the three neutrinos in the normal hierarchy, and predicted the increase in the effective electron-neutrino mass m ββ . Accordingly, if the search is successful, it can indirectly demonstrate the existence of light sterile neutrinos in addition to the validation of Majorana neutrinos. On the other hand, if several experiments in progress do not find any 0νDBD
events at a given sensitivity, some ranges of the parameters for the sterile neutrinos will be excluded, if neutrinos are Majorana particles. It has been shown that narrowing the sterileneutrino mass and mixing angle range by measuring the effective mass of the virtual neutrino between the double-beta decay vertices can compensate the limitations from short-baseline oscillation experiments.
ACKNOWLEDGMENTS
This work was supported by the National Research Foundation Grant of Korea (NRF-2017R1A2B4004308).
